INTRODUCTION
DNA damage induces mutation when it is repaired incorrectly or misreplicated. This direct mechanism of mu-tagenesis is challenged by the recent findings of radiationinduced persistent genomic instability (1) . Ionizing radiation induces DNA double-strand breaks that inflict a variety of damage responses including cell cycle arrest and cell death by apoptosis (2) . Induction of genomic instability is one of the consequences of the radioresponses, but the molecular mechanism of this important phenomenon is yet to be elucidated. A genetically unstable state is attained in the cells either transiently or persistently; the latter state leads to delayed chromosome instability in tissue culture cells (3, 4) . Delayed chromosome instability was also observed in mouse embryos in vivo (5, 6) . Persistent production of transmissible factors was proposed as the mechanism of delayed genomic instability (7) . A non-nuclear target for the production of the transmissible factors was suggested by experiments using microbeams to irradiate the cytoplasmic region of the cells (8, 9) .
Sperm-mediated transgenerational mutagenesis in mice offers a unique opportunity to study radiation-induced genomic instability expressed in the whole body system. During spermatogenesis, maturing spermatid stage germ cells lose their cytoplasmic components and the genomic DNA becomes tightly packaged in spermatozoa. Therefore, irradiated sperm are an ideal vehicle to introduce DNA damage into zygotes without the complication of cytoplasmic involvement. It was reported that F 1 mice conceived with irradiated sperm exhibit frequent mosaicism at a mouse hypervariable minisatellite locus, Ms6hm (10) . Mosaic mutation indicates that recombination-mediated length change mutations of the minisatellite sequence occur as delayed events in somatic cells during early embryonic development. The untargeted nature of the minisatellite mutations was recently demonstrated in a study in which the maternally derived minisatellite allele was mutated in F 1 mice sired by males irradiated at the spermatozoa stage (11) . A report of the transmission of minisatellite instability to the F 2 generation also supports the concept that radiation-induced destabilization of genomic integrity can persist through the meiosis of the F 1 generation of irradiated mice (12) . Thus persistent genomic instability is characterized by two features: delayed mutation and untargeted mutation.
It is interesting to know how long genomic instability persists during the proliferation in somatic tissue after the initial delivery of DNA damage. In this respect, somatic expression of genomic instability during ontogenesis of individuals sired by irradiated fathers is especially important when one considers the possible risk of transgenerational carcinogenesis in a radiation-exposed population. Mouse minisatellite sequences are not suited for this type of analysis, because mutations are detected by Southern analysis, which is not sensitive enough to detect a mutation in a single cell among the large population of nonmutated cells in the tissues. Coat color loci in mice are useful, because even a single mutant cell can be identified in this tissue. In addition, the size of the mutant cell clusters can serve as a good indicator of when the mutation occurred during the proliferation cycle of the developing target tissue. Among various coat color loci of mice, the pink-eyed dilution locus has been analyzed extensively. This locus maps on mouse chromosome 7 and has several useful alleles (13) . The pink-eyed unstable allele, p un , is due to a partial tandem duplication of a 71-kb region of the locus and reverts to the wild type by homologous recombination in somatic cells (14) . The reversion event can be induced at high frequencies by a variety of mutagens and can be detected as black coat color spots in the fur and as black eye spots in the retinal pigment epithelium (15) (16) (17) .
We studied the reversion at the p un allele in the retinal pigment epithelium of F 1 mice sired by irradiated males. Higher frequencies of reversion were observed at both paternally derived and the maternally derived p un alleles in F 1 mice when the male parents were irradiated at the spermatozoa stage. In addition, the size distribution analysis of the eye spots indicated that the frequency of recombination was persistently elevated throughout the proliferation cycle of the retinal pigment epithelium. These results demonstrate untargeted/delayed mutation and the long-lasting memory of damage in F 1 mice sired by males irradiated at the spermatozoa stage.
MATERIALS AND METHODS

Mice
C57BL/6J p un /p un and C3H/HeJ p J /p J mice were purchased from The Jackson Laboratory (Bar Harbor, ME). They were housed in our animal facility and fed with commercial pellets and tap water ad libitum under conditions of constant temperature of 23ЊC and a regular 12-h light/dark cycle. The present experiments were approved by the Kyoto University Animal Care and Use Committee. All the procedures involving the animals were in accordance with the guidelines of the University.
Irradiation and Mating of Mice
Male mice of the C57BL/6J p un /p un and C3H/HeJ p J /p J strains that were 8 to 10 weeks old were anesthetized, and partial-body irradiation was performed on the testicular area, with a lead shield protecting the other parts of the body, at a dose rate of 1 Gy/min (Rigaku Radioflex X-ray Generator, 250 keV, 15 mA with 1 mm aluminum filter). Males were mated immediately after irradiation to assess the effect on spermatozoastage germ cells. The same mice were also mated 15 weeks after irradiation to assess the effect on spermatogonia-stage germ cells. Both F 1 mice sired by unirradiated males and those sired by irradiated males were analyzed for eye spots in the retinal pigment epithelium.
Scoring of Mutation and Scoring of a Single Reversion Event
F 1 mice were killed humanely when they were 3 weeks old. Both eyes were removed, suspended in phosphate-buffered saline, fixed in 4% paraformaldehyde, and dissected to isolate the eye cups as described by others (17) . Six to eight incisions were made on the isolated eye cups, which were then flattened onto glass slides. The eye cups thus processed were mounted with glycerol for observation of the retinal pigment epithelium under the dissecting microscope.
Reversion events of the p un allele result in pigmentation of the cells, which is detected as black eye spots in the pale background of the retinal pigment epithelium. Eye spots were analyzed in F 1 mice of the p un /p un , p un /p J and p J /p un genotypes. The criterion of an eye spot in the present study is that reported by others (17, 18) . Briefly, adjacent pigmented cells separated from each other by no more than one unpigmented cell were scored as one eye spot, corresponding to one reversion event. The number of eye spots per retinal pigment epithelium and the number of cells per eye spot were scored.
The distance of the eye spot from the center of the retinal pigment epithelium was measured to analyze when the reversion of the p un allele occurred during tissue development in the retinal pigment epithelium.
Statistical Analysis and Exclusion of Outlier Eye Spots
The statistical significance was tested using Student's t test to examine the differences in the numbers of eye spots in control and irradiated groups. For the size distribution analyses shown on Fig. 2 , the cell number per eye spot was plotted as a function of the frequency of eye spots per retinal pigment epithelium on logarithmic scales. In these figures, outlier eye spots that consisted of more than 20 pigmented cells were excluded. Linear regression lines were calculated from the data shown on Fig. 2C . The difference in the slope parameters of Fig. 2C was analyzed for statistical significance by the t test.
RESULTS
Spontaneous Frequencies of the Reversion in F 1 Mice of Three Genotypes
The pink-eyed Jackson allele (p J ) of locus is due to a partial deletion and therefore does not revert back to the wild type (19, 20) Fig. 1 .
We first examined the frequency of the spontaneous reversion among the three genotypes of mice ( retinal pigment epithelium did not differ in the two reciprocal heterozygotes.
Frequencies of Reversion in F 1 Mice Sired by Irradiated Males
Paternal irradiations at the spermatozoa and spermatogonia stages were examined. Males were irradiated with 6 Gy and mated with unirradiated females immediately after irradiation (to study spermatozoa-stage irradiation). They were also mated 15 weeks after irradiation (to study spermatogonia-stage irradiation Spermatogonia-stage irradiation of males with the p un allele is expected to induce germline mutation of the allele that results in F 1 mice with completely black fur. However, we did not observe this phenotype among nine F 1 mice of the p J /p un genotype. The number of mice examined in the present experiment is too small to expect an occurrence of this relatively rare event. In addition, the results summarized in Table 1 demonstrate that exposure of spermatogonia-stage germ cells to 6 Gy of X rays did not affect the frequency of the somatic reversion of the p un allele in the F 1 mice and that the numbers of eye spots were similar in the unirradiated and irradiated groups. Similarly, spermatogonia-stage irradiation of male mice with the p J allele did not affect the frequency of the somatic reversion of the maternally derived p un allele in the F 1 mice. In contrast to spermatogonia-stage irradiation, exposure of spermatozoa-stage germ cells to 1, 2 and 6 Gy of X rays resulted in dose-dependent increases in eye spots in the retinal pigment epithelium of F 1 mice of both the p J /p un and the p un /p J genotype (Table 1 ). The increases were statistically significant for all three dose groups (P Ͻ 0.01). However, the extent of the increases did not significantly differ in the two reciprocal genotypes of p un /p J and p J /p un .
The Size Distribution of Eye Spots in F 1 Mice Conceived with Irradiated Spermatozoa
Eye spots in the retinal pigment epithelium are composed of black pigmented cells of varying numbers, as shown in Fig. 1 . An eye spot with a single black cell is thought to arise at the time of terminal differentiation of the cells. In contrast, larger eye spots are thought to arise in cells that will still go through several rounds of proliferation before 664 SHIRAISHI ET AL.
FIG. 2.
Size distribution of eye spots in the retinal pigment epithelium. The frequencies of eye spots per eye are plotted as a function of the number of pigmented cells per retinal pigment epithelium on logarithmic scales. Open symbols and closed symbols represent the control group and the 6 Gyirradiated groups, respectively. Panels A and B show the data for F 1 mice of the p un /p J and p J /p un genotypes, respectively. Panel C represents the combined data from panels A and B. Linear regression lines are calculated from the data; the solid line is for the control group, and the broken line is for mice conceived with spermatozoa which had been irradiated with 6 Gy.
ceasing to divide. Thus the size and the number of pigmented cells in the eye spot can serve as good indicators of when the mutation took place during the proliferation cycle of the retinal pigment epithelium.
Spot size analyses were carried out on F 1 mice from reciprocal crosses between C3H/HeJ p J /p J and C57BL/6J p un / p un in which males were exposed to 6 Gy of X rays just prior to the mating. The numbers of pigmented cells per eye spot were scored and were plotted as a function of the frequency of revision per retinal pigment epithelium on logarithmic scales (Fig. 2) . In this analysis, outlier eye spots that consisted of more than 20 pigmented cells were excluded to facilitate the statistical calculation. Figure 2A and B shows the results for F 1 mice with the p un /p J genotype and the reciprocal p J /p un genotype, respectively. In the unirradiated control groups of both genotypes, eye spots with one pigmented cell were the most numerous. The frequency of two-cell eye spots was smaller by a factor of approximately two than that of the single-cell eye spot. Similarly, the frequency decreased continuously with increasing size of the eye spot, with only minor deviations from linearity in the curves ( Fig. 2A and B) . For the groups irradiated with 6 Gy, the patterns were similar, except that almost all the data points were above the points for the control groups.
The data in Fig. 2A and B were quite similar and were therefore combined in Fig. 2C to gain a stronger statistical power. The tendencies observed in Fig. 2A and B held in Fig. 2C , and the size-dependent decrease was also observed. In addition, the data points for the irradiated group were almost always above those for the control group. Linear regression lines were calculated for both the control and irradiated groups, and they fitted the equations Y ϭ 3.112 X -2.1 and Y ϭ 4.712 X -2.1 for the control group and the irradiated group, respectively. The slopes of the line were not significantly different for the control and irradiated groups. In contrast, the intercept increased about 1.51 times for the irradiated group, and this increase was statistically significant (95% confidence interval: 1.19-2.07, t test).
DISCUSSION
The reversion of the p un allele of the mouse pink-eyed dilution locus is thought to occur by homologous recombination-mediated deletion of the 71-kb region of the partial tandem duplication (14) . Recombination can be intrachromosomal or interchromosomal. Previous analyses of coat color spots demonstrated the occurrence of the reversion even in heterozygous p un /p -mice, which suggested the intrachromosomal recombination as the mechanism of p un reversion (16) . In the present study, the frequency of the reversion as assessed by eye spots in heterozygous p un /p J and p J /p un mice was reduced to roughly half of that in homozygous p un /p un mice. Therefore, our data also support the idea that the reversion of the allele in the retinal pigment epithelium occurs mainly by intrachromosomal recombination. However, a previous study demonstrated that the frequency of coat color spots was similar in p un /p un and p un / p -mice (16) . Further analysis is necessary to resolve the discrepancy between results for these two target tissues, melanocytes in the hair follicle and pigment cells in the retinal pigment epithelium.
Somatic recombination at the p un allele as assessed by the coat color spots can be induced by treatment of a fetus by radiation or chemicals (15, 16) . The eye spots of the retinal pigment epithelium are a more sensitive marker for the recombination-mediated reversion in somatic cells than the coat color spots. Therefore, the eye spot test is an ef-ficient system that requires a small number of mice for the accurate analysis of the somatic reversion event of the allele (17) .
Upon treatment with DNA-damaging agents, proliferating pigment cells were shown to be more sensitive than non-proliferating cells for induction of reversion (17, 21) . This suggests that the reversion is dependent on cellular proliferation and that DNA damage is most effective when introduced directly into proliferating cells. In addition to the direct treatment of the fetus with DNA-damaging agents, one can introduce DNA damage before the target cells are formed during fetal development. Exposure of germ cells was tested previously in p un /p un F 1 mice for the somatic expression of the effect in the next generation (22) . Exposure of the spermatocyte stage to 1 Gy of X rays was found to increase the number of coat color spots, but the increase was restricted to only coat color spots of large sizes.
In the present study, we also tested the effect of germcell irradiation on the somatic reversion of the p un allele, but the test was made using the retinal pigment epithelium rather than the coat color. Irradiation at the spermatogonia stage had no effect on the frequency of the somatic reversion of the p un allele in the retinal pigment epithelium. The spermatogonia-stage germ cells are proficient in the repair of DNA damage. In addition, spermatogonia-stage germ cells undergo apoptosis to eliminate damaged cells (23) , and elimination of damaged cells by apoptosis was reported to be dependent on Trp53 (24, 25) . Therefore, it is most likely that DNA damage in spermatogonia-stage cells does not persist to the spermatozoa stage and therefore exerts no effect on the somatic reversion events in the F 1 generation.
In contrast to the spermatogonia stage, irradiation of spermatozoa-stage germ cells with 1, 2 and 6 Gy produced higher numbers of eye spots in F 1 mice. This increase in the frequency of reversion was observed in the irradiated paternal allele. In addition, an increase of equal magnitude was observed for the maternal allele, which had received no irradiation. Thus the delayed somatic reversion of the allele induced by irradiated sperm does not discriminate between the alleles, which demonstrates that the event is untargeted.
The chromatin of the sperm head is tightly packed and biochemically inactive. It undergoes extensive decondensation after entry to the cytoplasm of the oocyte (26) . In this situation, DNA damage carried by irradiated spermatozoa is introduced directly into the zygote, where it is expected to induce a variety of damage responses. We recently demonstrated that fertilization by irradiated sperm induces pronuclear crosstalk a Trp53-dependent S-phase checkpoint in zygotes (27) . Delayed genomic instability as shown by the somatic reversion of the p un allele is one of the consequences of this response to radiation and persists through many cell cycles during embryonic development.
Proliferation of the cells in the retinal pigment epithelium is confined to a zone in the periphery of the tissue during embryonic development (18) . In this proliferating zone, cells undergo several cycles of replication before they terminally differentiate. In the present study, eye spots of all sizes were found to increase in number in the irradiated group. This suggests that the rate of recombination is elevated equally throughout several cycles of cell division in the proliferating zone of the retinal pigment epithelium. Since the proliferation zone extend from the center to the periphery, the distance of the eye spots from the center of the retinal pigment epithelium can serve as a marker of when the reversion occurred during its development. The distribution of the position of the eye spots did not differ in the control and the irradiated groups (Shiraishi, unpublished observation). This suggests that sperm irradiation affects the overall rate of the reversion event but does not affect its timing. In contrast to the present observations, previous analyses of the coat color spots in F 1 mice indicated that irradiation of the spermatocyte-stage germ cells resulted in a significant increase in the large coat color spots but did not increase the number of smaller coat color spots. This suggests that the higher reversion rate was restricted to an early period of the development in that tissue (22) . The spermatocyte stage is proficient in the repair of DNA damage, while the spermatozoa stage is deficient in repair activity. It is likely that the mechanism of delayed reversion may well be different for the target cells in fur and in the retinal pigment epithelium. Also, a recent study on medaka fish, Oryzias latipes, revealed that occurrence of the mosaic mutation was confined to the pre-blastula stage of embryos developing from eggs fertilized by irradiated spermatozoa (28) . In any event, delayed mutation in mice and medaka fish demonstrates that there memory of DNA damage exists in embryos and fetuses sired by irradiated fathers.
Several mechanisms can be envisaged for the long-lasting memory of DNA damage. The genetic memory could reflect the persistence of DNA damage through multiple cell cycles after irradiation. The classic breakage-fusionbridge cycle is the typical example of this mechanism, but this is unlikely to explain the persistent elevation of recombinogenic activity in the present study, because cells undergoing this process tend to become less viable (29) , while F 1 mice with higher numbers of eye spots did not show any signs of other developmental defects resulting from cell death when examined morphologically (Shiraishi, unpublished observation). Another possible mechanism of genetic memory assumes deletion of a region critical for the stability of genome. Radiation-induced genomic instability occurs too frequently to be explained by a single-locus mutation (11); therefore, the target size for the delayed instability event has to be extremely large. Viability polygenes of Drosophila were shown to have an extremely high frequency of mutation, and insertions/microdeletions in the noncoding region were proposed to be the responsible mechanism(s) (30, 31) . The heterochromatic domain of the genome is known to affect gene expression in the surround-ing regions (32) , and microdeletions in this type of region may affect the global stability of the genome. An epigenetic mechanism is another possible mechanism for the memory of DNA damage. Persistent production of DNA-damaging agents was proposed as a mechanism of delayed mutation in tissue culture cells (1, 7) . Perturbation of DNA methylation can also function as a mechanism of epigenetic memory, and it has been shown that irradiation of cells leads to demethylation (33) . Activation of otherwise methylated endogenous retrovirus elements was reported to occur after irradiation of mouse cells (34, 35) . Demethylation and subsequent activation of genes involved in the maintenance of genomic integrity may result in alterations in the recombinogenic activity in F 1 -generation mice conceived from sperm irradiated at the spermatozoa stage. A recent study of Drosophila has suggested yet another possible mechanism of damage memory. In this study, epigenetic marking by chromatin remodeling factors was shown to function as the cellular memory of tissue differentiation (36) . Indeed, chromatin silencing factors were found to redistribute to damaged sites after irradiation (37) (38) (39) .
The elucidation of the molecular mechanisms of the damage memory must wait for future investigations, but multiple pathways are likely to operate simultaneously. The damage memory and decreased genomic integrity in the F 1 generation of irradiated germ cells are important subjects for study (40) . This is especially true when one considers the transgenerational effects of radiation, such as cancer in the F 1 generation of irradiated parents (41) .
